The main advantages of laser sampling are associated with following features: sample preparations as well as consumables are not needed, low risk of sample contamination, good spatial resolution. In mass spectrometry, high laser irradiance can be used for both ablation and ionization processes. The method is especially profitable in time-of-flight mass spectrometry. A new principle of constructing laser ionization time-of-flight mass spectrometer based on wedge-shaped ion mirrors and the absence of electrostatic ion acceleration before mass analysis is discussed. Among advantages of the analyzer there are ability to provide temporal focusing of ions in a wide energy range (AE20%), compactness of the analyzer, and minimization of the requirements for power supplies. The approach is expected to be profitable for standardless elemental analysis of solid samples, which should be possible at laser irradiation power density more than 3 Â 10 9 W/cm 2 that ensures complete ionization of all elements in a laser plasma. The analytical signal of each element is formed as the sum of the signals for all charge states and the energy scan of the mass spectra is provided.
Introduction
Laser sampling is widely used in analytical chemistry because of numeral advantages and the fact that any samples with high light absorbability can be analyzed by laser ablation and ionization to provide an analytical information. [1] [2] [3] The main advantages are associated with no need of sample preparation, no need of consumables, low risk of sample contamination, and good spatial resolution. 4 Owing to this reason laser ionization finds application in optical spectroscopic methods, those generally require solid standards for quantitative analysis. [5] [6] [7] [8] [9] [10] [11] [12] During the last decades, a few techniques using high laser irradiance for both the ablation and ionization were developed for laser ionization mass spectrometry (LIMS). A distinguishing feature of the method is the fact that LIMS can be used as an absolute technique for solid analysis without the use of any standards in some specific conditions. 4 Among other advantages there are the possibilities of analyzing any classes of solids, the ''cleanness'' of the method, a possibility of local and layer-by-layer analysis, and the absence of interfering cluster ions. 13 A time-of-flight (TOF) analyzer is easily coupled to laser ionization source, thanks to its pulsing nature. Various types of laser ionization TOF mass spectrometers (LITOFMS) were recently developed and applied for direct elemental analysis of solid samples. There were instruments based on laser ionization TOF mass spectrometry with axially-symmetric analyzer, [13] [14] [15] laser-ablation ion-storage time-of-flight mass spectrometry (LA-ISTOF-MS), 16, 17 high irradiance laser ionization orthogonal TOF mass spectrometers, [18] [19] [20] femtosecond laser ablation TOF mass spectrometers, 21, 22 single particles laser TOF mass spectrometers, 23 and others.
mJ energy. For the diameter 50-70 mm of a laser focusing spot a power density of irradiation is ranged within 3 to 6 Â 10 10 W/cm 2 . Since the optimal power density of irradiation includes range of 1 to 5 Â 10 9 W/cm 2 , a laser irradiation was reduced by glass filters. One of the given instrument radical distinctions from known laser TOF mass spectrometers is usage of axially-symmetric analyzer to provide time energy focusing for ions. 14, 24 The instrument provides ppb level sensitivity and 500-1200 resolving power. This device was used for the analysis of geological samples, 25, 61 metals, 26 layerby-layer analysis of oxide Zr films at the Zr matrix, 27 and isotopic analysis. 15 In LA-ISTOF-MS, 16, 17 selective range of masses is stored in the ion trap, which reduces background interferences from a sample matrix. In LA-ISTOF-MS, the resolving power is affected by special position of the ions-they are trapped at variable phases of RF trapping cycle. The system allows to obtain 1500 resolving power and 10 pg limit of detection for single laser pulse.
High irradiance laser ionization orthogonal TOF mass spectrometry is based on the orthogonal extraction technique. [28] [29] [30] This approach allows achieving high mass resolving power due to broad kinetic energy distribution of the ions from the source has little effect on the mass analyzer. Nearly unified relative sensitivity coefficients independent of the laser energy were achieved for most metal elements. With the irradiance of 10 10 to 10 11 W/cm 2 most elements presented almost stable relative sensitivity coefficients. 31 A possibility of standardless semi-quantitative analysis of alloy samples was shown. 32, 33 An important advantage of the orthogonal geometry is a possibility of 2D separation. 34 This allows separation in time of singly and multiply charged ions as well as clusters or polyatomic ions. A pulse train technique 5 allowed the authors to reduce the interferences and improve the accuracy of the analysis.
Laser ionization orthogonal TOF mass spectrometry was applied to simultaneous determination of nonmetallic elements in solids, 35 semi-quantitative multielement analysis of biological samples, 36 the elemental analysis of residues, which were prepared by evaporating mixed salt solutions, 37 obtaining elemental, fragmental, and molecular information of organometallic compounds, 38 and semi-quantitative analysis of geological samples. 39 Femtosecond laser ablation TOF mass spectrometry was shown to be very efficient in direct sampling elemental analysis of solids. 21 The results were obtained with a miniature laser ablation/ionization reflectrontype time-of-flight mass spectrometer (LMS) using an fs-laser ablation ion source (775 nm, 190 fs, 1 kHz). Mass spectrometric study showed that in a defined range of laser irradiance and for a certain number of single laser shot spectra accumulations, the measurements of isotope abundances can be conducted with a measurement accuracy at the per mill level and at the per cent level for isotope concentrations higher and lower than 100 ppm respectively. Also, the elemental analysis can be performed with good accuracy. Resolving power was shown to be varied between 200 and 800 for studied experimental conditions. The LMS instrument combined with an fs-laser ablation ion source exhibited similar detection efficiency for both metallic and nonmetallic elements. The study showed that determined relative sensitivity coefficients were close to one, which is important for the development of standardless instruments. Substantial improvement of the instrumental performance is conditioned by negligible thermal effects, sample damage, and excellent characteristics of the fs-laser beam. Femtosecond-laser ablation TOF-MS was also shown to be a promising technique for rapid in-depth profiling with a good lateral resolution of various multilayer thin film samples. 22 The laser power density was operated at the ablation threshold regime to allow high-depth resolution. Ablation rates up to 2 nm/pulse were estimated.
Femtosecond laser ablation TOF mass spectrometer was shown to be adjustable to the suitable laser desorption conditions that deliver abundant fragment ion signals with detailed structural information. 40 Mentioned results show promise for studying planetary surfaces beyond Earth where elemental/isotope and molecular specific studies can be performed. Various solid materials were characterized with high spatial resolution, 41 including alloys, fossils, and meteorites. In situ spatial and in-depth elemental profiles were determined for a heterogeneous rock sample on a depth-scale of nanometers using a miniaturized femtosecond laser ablation TOF mass spectrometer designed for planetary space missions. 42 A miniature laser ablation ionization mass spectrometer and microscope-camera system for in situ investigation of the composition and morphology of extraterrestrial materials was described in Neuland et al. 43 and Tulej et al. 44 Laser ionization mass spectrometers were proposed to be considered as a type of LIMS used for single particle analysis, instead of traditional LIMS used for bulk analysis. 4 Single particles laser TOF mass spectrometry 23 gives several advantages. An entire mass spectrum can be obtained from a single particle. Wide dynamic range allows to analyze trace species. Both the singly and multiply charged ions are obtained to yield a semi-quantitative measurement of a single particle. Suitability of femtosecond laser (800 nm wavelength, 100 fs pulse duration) was shown recently 45 for single particles laser TOF mass spectrometry via direct comparison to the conventional excimer laser (193 nm wavelength, $10 ns pulse duration).
A new geometry for the single particles laser TOF mass spectrometry was presented in Murphy. 46 The geometric construction (sTOF) includes two opposing electrostatic sectors of about 255 each similar to that described in Sysoev et al. 47, 48 and straight sections with a length appropriate to the turns. The resulting geometry folds into a compact space. For an energetic highdivergence ion source such as laser ablation, the sTOF has shown higher resolution (about 2000) and ion transmission than a reflectron of similar physical size.
Very compact laser ionization TOF mass spectrometers have been constructed for planetary missions 49 and environmental analysis. 50 Resolving power of the instruments was around 250, which is sufficient for distinguishing isotopic peaks.
In nuclear industry, laser ionization reflectron TOF mass spectrometer was constructed for direct sampling elemental and isotopic analysis. 51 The instrument was applied for determination of boron isotopes in boron carbide 52 and boric acid 53 as well as for studies of rare earth doped UO 2 . 54 The main obstacle in the way of LIMS-based elemental analysis of solid samples is the complexity and diversity of processes in the laser plasma. Because of that, reproducibility of analysis might be corrupted. There are three key stages in the process of elemental analysis including generation of ions, the ions transport through the analyzer, the detection and recording of mass spectra. The first one is the most important from the perspective of the influence on the reproducibility and accuracy of the analysis.
There are several processes taking place during the evaporation of the sample-the generation and expansion of laser plasma. A detailed analysis of the processes allows to highlight several factors influencing the reproducibility and the accuracy of the elemental analysis for solid samples, including the following:
. The distortion among cross sections of different elements ionization. As a consequence, the degree of ionization varies. . The effects of laser radiation power density and its reproducibility from pulse to pulse. . Nonreproducibility of the plasma state due to the roughness of irradiated sample surface. The variation of laser plasma parameters in the process of expansion and their nonreproducibility. . Variations in the ion composition during the process of plasma expansion as a function from its drift path. . Wide energy spread of the ions and its dependence on the properties of the elements.
Though there are several successful developments in the area of LITOFMS, there is still a need of compact cost-effective instrumentation for direct sampling elemental analysis. In this paper, we would like to discuss a new approach proposed to accomplish this goal.
Methods

Interaction of laser irradiation with the target surface
Interaction of laser irradiation with the target surface depends on many factors. The irradiation absorbability of the sample is the most important one.
According to the Bouguer law: 55 QðzÞ ¼ Q 0 expðÀzÞ, where Q 0 is the radiation energy on the surface of the target, m is the absorption coefficient of a solid body. Thus, absorbed energy of the laser beam decreases exponentially. Therefore, at the very short laser pulses induced by radiation, steam does not have time to leave the crater, which leads to further overheating. The determining factor here is the irradiation power density. Experience shows that the duration of laser radiation at the level of several nanoseconds is optimal for analytical applications in the case of direct selection of ions from the plasma.
The diameter of the focusing spot of the laser beam should be in the range of 30-50 mm. Efficiency of plasma formation is reduced by ultra-short durations of the target exposure. As well as when one works at small laser beam focusing spot diameter (a 1 mm). This can lead to extreme destruction of the formed plasma as well as to limitation of its evolution.
For the considered range of the radiation power densities and duration of laser pulse (q ¼ 1-3 Â 10 9 W/cm 2 and Át 1/2 ¼ 7 ns respectively), resulting vapor's rather slow increase takes place. Therefore, the vapor has time for expansion to a noticeable size. Vapor in accordance with the Bouguer law becomes transparent to radiation, and the underlying layers are also heated to the temperature of evaporation/sublimation. This process occurs continuously. Thus, the ionization process takes place over the entire vapor region. Another factor is associated with the roughness of the irradiated sample's surface. In elemental analysis of solid samples it is necessary to use a scanning laser beam on the sample surface (usually it is accomplished by shifting the sample). In this case the different roughness effect for each of the laser beam focusing spots is averaged. This is caused by the fact that the elemental composition measurement results are averaged over the whole irradiated surface of the sample when the mass spectra are summed.
There is another important factor affecting the ionization state of the plasma which is associated with properties of the matrix. The same content of any impurities in different matrices can give different analytical signals that is called the matrix effect.
Ionization
Evaluation of the vapor clouds ionization state due to the possible ions formation mechanisms (thermal ionization, optical breakdown, radiation capture, tunnel effect) gives a negligibly small ionization degree values of a $ 10 À5 -10 À6 . At power densities q ¼ 1-3 Â 10 9 W/cm 2 of the laser irradiation and the real dynamics of surface irradiation intensity, almost neutral vapor flows from the crater and plasma generation occurs in the stage of the steam expansion, thus the optical breakdown is the main mechanism of the plasma formation. Its evolution is determined by the presence of the initial electrons' large number in the vapor. In the case of the metals' irradiation thermo emission from the heated surface of the sample should be considered as the main source of electrons in vapor. The estimation of saturation current density j s from the heated surface of the target according to the formula of RichardsonDashman is j s ¼ KT 2 expðÀw 0 =kTÞ where w 0 is the work function of the metal, T is the temperature of the target, k is the Boltzmann's constant and the value of K equals to
It is known that the main mechanism for electrons to obtain the energy sufficient for ionization of the vapor is the interaction of the photons with the electrons in the field of an atom or an ion as a result of the so-called three-particle collision. Increasing number of ions generated by three-particle collisions gives a further contribution to this process. The electrons gain energy and then collide changing their energy distribution. Even at the initial step evaluation of relaxation time between the electrons gives a value less than $10 À13 s, which is significantly less than the time of energy reception by the electrons at each step which is $10 À11 s. Therefore, it is assumed that the electrons are in the quasi-equilibrium state and the distribution function of their energy corresponds to the Maxwell distribution. According to this distribution there are always electrons with the energy W e , which exceeds the ionization potential I i .
It is a well-known fact that an atom ionization cross section influences on the degree of ionization, and hence on the accuracy of the solid samples elemental analysis. It takes place in almost all ionization processes. Remarkable feature of laser plasma is that when the Q-switched laser is used, in fact there are no cluster ions and no complex ions in its composition due to chemical reactions in the plasma.
When the power density of the target irradiation is within the q ¼ 1-3Á Â 10 9 W/cm 2 , the temperature of the vapor formed above the target surface is high enough to provide the dissociation of molecules, clusters, and molecular ions, but at the same time it does not provide their complete ionization. The process of generating the plasma includes the energy gain by electrons from light quanta in three-particle collisions and further ionization of atoms by electron impact. 56 In this case, the ionization cross section in a separate act can be calculated using the formula of Thomson
where F is the energy of the electron, ' is the ionization potential. To account the distribution of particle energies it is possible to use Maxwell's formula
where a ¼ ðkTÞ 3=2 8, E is the energy of the particle, T is the temperature. Then the total ionization cross section can be calculated as
Therefore, any factors that affect the plasma temperature affect the results of the sample's elemental composition analysis. Obviously, the accuracy of the analysis varies because of the nonrepeatable laser radiation power density.
When the power density of the target irradiation is q > 3 Â 10 9 W/cm 2 the full ionization of the plasma takes place and singly charged ions partly turn into the doubly charged ones. The concentration of singly charged ions is decreased. With a further increase of q triply charged ions are partially formed from doubly charged ones. Comparison of ionization degrees shows that the ratio of singly and doubly charged ions varies greatly for the different elements. It follows that the elemental analysis does not give correct results when using only the intensities of singly or doubly charged ions as analytical signals.
The pulsed nature of the laser plasma generation at high power densities of the target irradiation is the cause of its properties, which radically distinguishes laser plasma and plasma of other types. Because of the electrons loss only at the level of 10 À5 -10
À6
plasma acquires a large space charge, which at the stage of plasma generation can reach the order of 10 À9 -10 À10 C. 58 This gives following important effects: (1) the plasma potential can reach several hundred volts; (2) electrodynamic mechanism becomes the main mechanism of the plasma expansion; (3) in the case of (2) the expansion of the plasma can be considered collisionless; (4) due to the high plasma potential, the electrons gain considerable energy excess of the second and third ionization elements' potentials; (5) during plasma expansion the ionization of singly charged and doubly charged ions happens, which increases the degree of charge; (6) the loss of electrons by plasma is being increased because of the reduced ions concentration (space charge density) in the process of plasma expansion. Therefore, the instability of the laser irradiation power density during the process of mass spectra accumulation will lead to instability of the mass peaks for each element.
A key condition for standardless elemental analysis implementation is the achievement of RSC (relative sensitivity coefficients) close to one for all elements. The difference between them necessitates the use of reference samples (standard samples). The value of RSC can be presented as the following
where K i is a discriminatory coefficient caused by l-th factor resulted from corresponding physical process or operational parameter of a mass analyzer. Because of the fundamental differences in physical processes at the ions transport stages, the discriminative coefficients equivalence practically cannot be implemented. The main way to eliminate the influence of discrimination: (1) providing conditions to minimize discriminations' contribution at some stages of the ions transport through the mass analyzer; (2) correction of the discriminatory coefficients by the mathematical methods.
There are a number of factors affecting the analytical measurements process which can be associated with the individual stages of the elemental analysis. In the laser mass spectrometry four key stages can be outlined:
. Generation and expansion of a laser plasma. . Transport of ion packets in the analyzer. . Detection and processing of analytical signal. . Formation of analytical signal.
To estimate charge composition in laser plasma, a physical model considering pulse evaporation, generation, and expansion of laser plasma was applied. The model takes into account the pulse evaporation of a target, the expansion of the vapor/plasma bunch, the generation of seed electrons, the absorption of laser radiation, the electron heating and the optical breakdown, the loss of plasma electrons and the formation of its space charge, the recombination heating of the plasma and the energy loss due to the plasma radiation. The model considers target irradiation modes for which the steam leaves the surface as neutrals. The model assumes that (1) the content of impurities does not exceed 4%, (2) the trace impurities does not contribute into thermodynamic parameters, (3) the surface distribution of power density is homogeneous at laser focusing spot. The model was based on stepwise description of all processes in laser plasma as each time step was chosen sufficiently small to consider all the processes as independent. The model was described in detail in Sysoev et al. 58 
Contribution of ions energy spread
Wide energy spread of ions and its mass dependence makes a significant contribution to the accuracy of elemental analysis performed by laser mass spectrometry. Energy spread of the ions can reach 300 eV and even more in the laser source if the power density of the sample irradiation power density is q $ 3 Â 10 9 W/cm 2 . Energy window is usually chosen having the order of AE2% as suitable for focusing ions by energy. It corresponds to absolute values of ion energy in the range of about AE25 eV at an accelerating voltage in the source of $1000 V. Because of this reason, the choice of the energy window at any fixed value of the energy of the ions will lead to their discrimination by the masses. Discriminations can be explained by two reasons. Firstly, during the variation of the laser radiation power, the energy range width is changing for the detected ions as well. Hence, the mass analyzer's relative shift of energy window selected position takes place. Secondly, the energy distributions of different elements ions are shifted relatively to each other. 59, 60 To offset these factors it was proposed to scan the mass spectra by ion energies. In Sysoev et al. 61 it is shown that in this case, the influence of this factor on the accuracy of elemental analysis is significantly reduced.
Technical approaches to the construction of new laser TOF analyzer ion-optical scheme can be formulated. 62 The main standpoints of the approach were the following:
. the integration of the ion source into the analyzer (mass separation of ions occurs during the plasma transport); . the rejection of ions acceleration in the source and transporting ions into the analyzer with a native velocity obtained in a laser plasma; . the radical extension of the energy window;
. the use of self-consistent energy windows of the analyzer with the scanning mass spectra by energy; 63 . the online mass calibration of each single transient before summing them in the process of accumulation.
To implement mentioned points it was suggested to use TOF analyzer with a wedge-shaped reflector of the ions 63 ( Figure 1 ). The properties of such analyzer were studied in details using a commercial software package SIMION 8 3D 64 supplemented by a number of developed extensions written in LUA.
Results and discussion
Sample irradiation mode and its optimization
The processes occurring during the expansion of a laser plasma make a significant contribution to the charge state composition that should be taken into account during elemental analysis. It can be shown by modeling the results of KH6VF standard steel sample.
Curves of ionization in Figure 2 are shown for the irradiation power density of q 1 ¼ 1 Â 10 9 W/cm 2 , the laser pulse duration t l ¼ 7 ns, and the focal spot diameter a ¼ 50 mm. It is apparent from Figure 2 that ionization degree of vapor does not reach 100% at the considered irradiation power density. Since the ionization degree depends on the ionization cross section, the plasma ion composition is not adequate to elemental composition of the sample. The analysis accuracy largely depends on the laser radiation power density. Obviously, laser radiation power density instability is the reason for the poor reproducibility of the sample composition measurement results.
Another situation occurs at a high power density of laser radiation. In mentioned conditions, all the neutrals are ionized and doubly and triply charged ions are observed for all elements. In this case, the sum of the degrees of ionization of all charge states ions is one for any elements. Then, the analytical signals as a sum of the intensities of the all charge state peaks in the mass spectrum (taking into account the corrections for the differences in the detection) correlates well with the concentrations of different elements in the sample.
For example, in the case of q ¼ 3.5 Â 10 9 W/cm 2 doubly charged ions are formed for all elements in the studied KH6VF steel grade. For easily ionized elements such as W, triply charged ions are also formed. As an example, Figure 3 (a) and (b) shows the time dependence of the ionization rate for the most difficult and easily ionized elements in the KH6VF standard sample (carbon and tungsten). The variation of laser irradiation power density does not affect the sum of singly charged and multiply charged ions ionization degrees. This was confirmed at value of q ¼ 4.5 Â 10 9 W/cm 2 for the laser radiation power density (see Figure 3(c) and (d) ). These effects make it possible to increase both the accuracy and the reproducibility of the elemental analysis.
Ions and electrons equilibrium state is achieved only in a narrow period of time. Considering that there is a loss of electrons by plasma and the accumulation of its potential energy, it is impossible to consider the plasma equilibrium as a whole during this period. The loss of high-energy electrons from the border layer leads to an increase of the potential (potential energy), thus plasma enters the regime of collisionless expansion and acceleration of ions by positive space charge (up to energies of several hundred eV). 58 Experiments show that key factors contributing into discrimination coefficients (and correspondingly RSC) are the ionization and the recombination processes in a laser plasma as well as the formation of analytical information due to the wide energy spread of ions. Table 1 presents a tabular (the second line) and calculated (lines 3-4) concentrations of the base and doped elements with different modes of the sample irradiation. The power density of laser radiation was equal to: q 1 ¼ 1 Â 10 9 W/cm 2 , q 2 ¼ 4.5 Â 10 9 W/cm 2 . Obtained concentrations of bases and additives are equal to c 1i and c 2i , respectively.
Thus, by the considered principle for the selection of the laser irradiation power density and the analytical signal formation as the sum of the peaks for all the charge multiples, the discriminatory factor due to the generation and expansion of the plasma can be reduced to 1.
Matrix effect and its suppression
In plasma sources, the main reason of matrix effect is the difference in ionization processes of impurity elements due to the different temperatures of the electrons, which depend on the properties of the matrix. 100% ionization of the plasma takes place at q > 3.5 Â 10 9 W/cm 2 . The total amount for all the charge states degrees of ionization for all elements equals to 1 and therefore the ion composition for each element is accurately correlates with their concentration in the sample. Owing to this, the use of this analytical signal formation principle allows to eliminate matrix effect influence.
To study the contribution of matrix effect to the determination of impurities, three model samples (with Fe, Cu, Mg matrices) were considered. All the samples contained 3.65% of W. The plasma leaves ion source after 40 ns. Table 2 shows calculated concentrations of W if singly, doubly, triply charge states and all observed charge states at q ¼ 4.5 Â 10 9 W/cm 2 are taken into account. As it was expected, unsatisfactory accuracy is observed when either singly, doubly or triply charge states are used in calculations. Good agreement between calculated and original concentration is observed when all charge states are taken into consideration. The same results were obtained when Ni and Cr were simulated as impurity at 0.35% and 6% concentrations correspondingly. Simulations of time-of-flight mass analyzers with a wedge-shaped ion mirrors
For the selected initial conditions of laser plasma generation (i.e. the laser irradiation power density, the laser pulse duration, the focal spot diameter), a huge positive space charge is formed in the plasma due to the loss of electrons near the end of the target irradiation process.
The space charge provides a pulsed acceleration of ions.
Further assumptions leads to the conclusion that the Matrix ions of the matrix are moving with constant velocity. Thus the plasma drift distance can be considered as a part of the generated ion packet drift path. The full energy spread for ions is about 300 eV. The velocities of ions correspond to this range. With the short ion drift paths (20-30 cm) the considered analyzer can provide satisfactory mass separation of the ions. Owing to this, there is no need of ions additional acceleration. The second condition for obtaining a satisfactory mass resolution is TOF focusing by the initial parameters of ions.
A great feature of wedge-shaped ion reflectors is a wide energy focusing range. Energy window can vary in the range AE20% of the average ion energy W 0 . Thus, when W 0 ¼ 250 eV temporal energy focusing range is implemented for energies from 200 eV up to 300 eV. In this range, it is possible to obtain high quality time focusing. For the ion-optical scheme shown in Figure 5 , time aberration can be reduced to a value of dt ¼ 3 ns by the focus lines adjustment using correcting plates. Considering time aberrations for the initial angles and coordinates at the skimmer slit, mass resolution at the level of R ¼ 800-1000 is achieved. In the considered example the TOF is t ¼ 27 ms, the averaged ion trajectory length is l ¼ 38 cm, and the actual analyzer dimensions are 15 Â 20 Â 10 cm 3 . Transmission of ions in the selected energy range is about 100%.
Obviously, it is necessary to scan the mass spectra by ion energies in the proposed ion-optical system for correct analysis. Energy distribution of ions is, on the one hand, not smooth in nature, on the other hand, different masses ions' energy distributions are displaced relative to each other. Owing to this, the self-consistent choice of energy windows during the expansion process was proposed. This means that the right border of each previous energy window coincides with the left border for each successive energy window (when scanning the mass spectra from lower energies to higher ones). This eliminates the loss of information due to accidental protrusions/depressions of the energy curve in the case if between the windows there is a gap, as is done in Sysoev et al. 61 Scanning mass spectra by energy (from 40 eV to 300 eV) is based on the law of ion-optical systems similarity-simultaneous scaling energy of ions and all the electrode system potentials with the same coefficient does not change the ions trajectory. The analysis of Figure 6 . Theoretical mass spectra demonstrated for geometry shown in Figure 5 the t/dt ratio for the mentioned above values of the average energy showed that this ratio does not depend on ion energy, i.e. t/dt 6 ¼ f(W 0 ), so it is an invariant. Thus, the resolution also does not depend on W 0 , i.e. R 6 ¼ f(W 0 ), i.e. is also an invariant. In this case, there is a similarity of the peaks in the mass spectra obtained at different ion energies, which is very important for obtaining the correct total mass spectrum. In order to get correct values of analytical signals, collected by summing mass spectra at different ion energies, the time scale was transformed into mass scale by the fast calibration before summation of every single transient. This is due to the fact that for equal masses of ions the position of their peaks in the transient is radically different at various energies.
Preliminary studies have shown that resolving power of 530 is obtainable for considered compact TOF mass analyzer at AE20% energy variation, 100 mm variation of a coordinate and 1 angular divergence which contribution is corrected by an electrostatic lens. This value is considered to be sufficient for elemental analysis. Theoretical mass spectra demonstrated for considered geometry shown in Figure 6 (a) for Pb isotopes, obtained when 2000 ion trajectories simulated and Figure 6 (b) for model sample contained 50% Cu and 50% Pb, obtained when 10,000 ion trajectories simulated.
Note that when configuring the analyzer for ions with a higher average energy W 0 , the energy spread of ions transported to the detector increases. Thus, for the ions with W 0 ¼250 eV, energy range is ÁW ¼ 200-300 eV, i.e. AE20% energy focusing is obtained. This reduces the number of required cycles when scanning mass spectra by energies in 10-20 times compared to approach used earlier, 13 depending on the energy distribution form and increases the recorded data collection efficiency. The principle of selecting the energy ranges for each cycle is the same as in the case of TOF analyzer with a wedge-shaped reflector. 63 The principle of the ions selection to the desired energy range is described in the same work.
Conclusion
Theoretical considerations confirm a high potential of wedge-shaped ion mirrors in laser ionization TOF mass spectrometers for direct sampling semi-quantitative analysis. Proposed approach allows one to expect improved energy acceptance at relatively small dimensions that could give accessible resolving power and high sample throughput for the cost effective instrumentation. Among the advantages of the analyzer are an ability to provide temporal focusing of ions in a wide energy range (AE20%), compactness of the analyzer, and minimization of the requirements for power supplies. The approach is expected to be advantageous for standardless elemental analysis of solid samples. This should be possible at laser irradiation power density more than 3 Â 10 9 W/cm 2 , which ensures complete ionization of all elements in the laser plasma. Each element's analytical signal is formed as the sum of the all charge states signals and the mass spectra energy scan is provided.
